In this study, we aimed to develop a novel positive charged nucleic acid delivery system for the treatment of glioblastoma. For this purpose, Epidermal Growth Factor Receptor (EGFR) which plays a prominent role in glioblastoma was selected as a target. Cationic solid lipid nanoparticles (cSLN) were developed by microemulsion dilution method using cetyl palmitate as matrix lipid, Cremephor RH40 and Peceol as surfactants, and ethanol as cosurfactant. Characterization studies showed that obtained nanoparticles are positively charged and has an appropriate particle size for nucleic acid delivery (<20 nm). Gel retardation assay revealed that cSLNs have complexation ability with siRNA EGFR (cSLN:siRNAEGFR) and this complex is able to protect siRNA from serum-mediated degradation up to 6 h. The cytotoxicity evaluation of nanoparticles performed on U87 Human Glioblastoma Cell Line. Furthermore, in vitro delivery of siRNA-EGFR via cSLN inhibited EGFR expression significantly at 50nM siRNA dose compared to free siRNA-EGFR at the same dose on U87 cell line (p<0.05). Based on these findings, we propose that the developed cSLN system may has a potential as a siRNA delivery system for glioblastoma.
. INTRODUCTION
Cancer is one of the most common causes of death in our era. According to the facts of The World Health Organization, 70% increment in the incidence of cancer is expected for the next twenty years [1] . At the present time, there is no curative treatment for Glioblastoma, which is the highest incidence of brain tumors. Despite the therapeutic approaches, median survival for glioblastoma is only 14 months. All these facts make it necessary to develop an effective, innovative and high technology treatment options [2, 3] .
Genetic-based treatment approaches show promise for numerous disease from cancer to inherited illnesses. RNA interference is a specific post-transcriptional gene silencing mechanism regulated by microRNAs (miRNA), exogenous small interfering RNAs (siRNA) or small hairpin RNAs(shRNA) [4, 5] . It is a current research topic which directly targets the gene that causes the diseases as a novel therapeutic approach. The main purpose of gene therapy is successfully transferring genetic material to the target cell. For this aim, viral or non-viral gene delivery systems are used. Production of non-viral delivery systems which have capacity for carrying high amounts of genetic material, low toxicity, low risk for immune responses and easy production is one of the research area of pharmaceutical sciences [6, 7] .
SLNs are one of the most promising non-viral gene delivery systems due to the various advantages. Specifically, SLNs can be produced at a large scale and show long-term stability. They are usually composed of nontoxic, biodegradable lipids exhibiting low cytotoxicity [8, 9] . SLNs could be produced in nanosize and with cationic properties which allow them to bind nucleic acids due to electrostatic interactions. The size and charge of SLNs can be modified due to various production strategies to obtain higher transfection efficiency [10, 11] .
In this study, we developed a novel solid lipid nanoparticle by microemulsion dilution technique to obtain non-toxic, biocompatible, cationic charged SLNs with optimal size and surface properties for gene delivery. For this purpose, Epidermal Growth Factor Receptor (EGFR) which is known to be responsible for excessive growth, proliferation, invasion, and metastasis on glioblastoma is selected as a target [12, 13] . Obtained SLNs were characterized and then cSLN:siRNA-EGFR complexes were formed. Protection ability against serum nucleases, cytotoxicity levels, and gene silencing efficiency were examined.
RESULTS AND DISCUSSION

Formation of pseudo-ternary phase diagram
The pseudo-ternary phase diagram constructed over the lipid melting temperature (60 o C) by titration of UPH2O into the oil (cetyl palmitate), surfactants (Cremephor RH40 and Peceol) and co-surfactant (ethanol) mixture is presented in Figure 1 . After construction of the phase diagram, one point in the o/w microemulsion region was used to form SLNs as mentioned in the Methods section. 
Size and Zeta Potential Measurements
DLS measurements were performed in order to investigate the particle size and zeta potential of SLN, cSLN and cSLN:siRNA-EGFR (3:1, v/v) complex. As displayed in Table 1 , the obtained SLNs are in the nanometer size range. SLN had a droplet size of 23.84 nm and when the DDAB was incorporated as a cationic charge carrier, the droplet size decreased to 18.49 nm. Then, by the complexation of siRNA, the particle size increased to 21.48 nm. On the other hand, by the addition of DDAB, the zeta potential of SLN increased from 4.17 mV to 24.5 mV, as expected. Then, when the siRNA complexed with cSLN, the zeta potential decreased to 22.8 mV. This reduction in zeta potential is due to the binding of negatively charged siRNA onto the surface of positive charged nanoparticles [14, 15] . Eventually, the net positive charge of the particles is sufficient to prevent particle aggregation and promote electrostatic interaction with the overall negative charge of the cell membrane for transfection [16] . 
Gel retardation assay
Gel retardation assay is widely used to examine the nucleic acid binding affinity of cationic nanoparticles [17, 18] . cSLNs were evaluated for complexation ability with siRNA-EGFR using agarose gel retardation assay to determine the optimal cSLN: siRNA ratio. The migration of naked siRNA and SLN:siRNA complexes in agarose gel is shown in Figure 2 . Obtained cSLNs showed RNA binding ability and the migration of siRNA in agarose gel was completely retarded when the ratio of cSLN:siRNA reached 3:1 (v/v). 
Serum Stability
Formation of the compact complex is an important issue for gene delivery systems as well as the protection ability of the nucleic acids from serum nucleases [19] . The protection ability of cSLNs was evaluated by serum stability assay. Serum stability assay revealed that cSLN:siRNA complexes prepared at 3:1 (v/v) ratio was able to protect siRNA from enzymatic digestion due to nucleases completely for 6 h and substantially up to 24 h, whereas most of the naked siRNA was degraded in 1 hours (Figure 3 ) This evidence confirmed that obtained SLNs have efficient ability to protect siRNA-EGFR from degradation in physiological conditions [20] .
Cytotoxicity
All excipients used in this study were selected due to their low cytotoxic properties [21, 22] . The results obtained from XTT cytotoxicity assay on U87 cells support this fact, as well. No significant cytotoxicity was observed on U87 cells in the concentration range of 25, 50, 75, 100 µl/mL (p<0,05). All formulations showed a concentration dependent cytotoxicity in the cell viability (Figure 4 ). According to cytotoxicity results, cell viability drops lower than 70% after cultured with 10 µL cSLN formulation while it sustains around 80% for cSLN:siRNA (3:1, v/v ) complexes. This may be due to higher zeta potential of cSLN alone. It is well known that positively charged nanoparticles act more cytotoxic than negative variants of similar size because of their disruption effect on the cell membrane [23, 24] . Cell viability of U87 cells exposed to cSLN and cSLN:siRNA formulations (Data are shown as mean ± standard error of the mean, n=3).
Quantitative assessment of EGFR mRNA expression levels by qRT-PCR
The EGFR is one of the oncogenes which plays an important role in many types of cancer, including glioblastoma. EGFR overexpression or overactivation was observed more than 50 % of the patients [2, 12, 25] . Therefore, specific anti-EGFR treatment options have been developed in the last decades [26] [27] [28] . For this aim, we tried to knockdown the level of EGFR expression by cSLN:siRNA-EGFR (3:1, v/v) in human glioblastoma cell line.
U87 cells were cultured in the presence cSLN, free siRNA-EGFR, and cSLN:siRNA-EGFR complexes for increasing siRNA amount. The EGFR silencing efficiency was determined using quantitative RT-PCR. As it is shown in Figure 5 , when cSLN alone applied on U87 cells, no significant effect observed compared to nonthreated cells. On the other hand, cSLN:siRNA-EGFR (3:1,v/v) generated significant EGFR inhibition at 50 nM and 100 nM siRNA doses compared to free siRNA-EGFR at 50 nM dose (p<0.05).
Figure 5. Determination of EGFR expression on U87MG cells after treatment by the EGFR siRNA for 48
hours (Data are shown as mean ± standard error of the mean, n=3).
CONCLUSION
The present study focused on the development of a novel positive-charged solid lipid nanoparticle for the delivery of siRNA-EGFR to the glioblastoma cells. Obtained nanoparticles have appropriate particle size, zeta potential, protection ability against serum nucleases, and low toxicity. The EGFR gene suppression was decreased significantly by obtained nanoparticle siRNA complex. Consequently, developed positive-charged solid lipid nanoparticles are considered promising vehicles for non-viral gene delivery system for the treatment of glioblastoma.
MATERIALS AND METHODS
Materials
siRNA targeting the EGFR gene, was purchased from Invitrogen (USA). The siRNA sequence was as follows: 5'-CGG AAU AGG UAU UGG UGA AUU UAA A-3' (sense). Cetyl Palmitate and Cremophor RH 40 were kindly donated by BASF (Germany). Peceol was gifted from Gattefosse (France). Dimethyldioctadecylammonium bromide (DDAB) was provided from Avanti Lipids (USA). Ethanol was obtained from Merck-Co. (Germany). Human primary glioblastoma cell line (U87) were obtained from American Type Culture Collection (USA). XTT cell proliferation assay kit was provided from Biological Industries (Israel). All other chemicals were of analytical grade and used as received. Ultrapure water (UPH2O) was used in all stages needed as a water.
Methods
SLN synthesis
For the delivery of concerned genetic materials, solid lipid nanoparticles (SLNs) were developed by modified microemulsion dilution technique by using cetyl palmitate as matrix lipid, Cremephor RH40 and Peceol (2:1, v/v) as surfactants, ethanol as co-surfactant, and distilled water as dispersant. Then, 1 volume of hot oil-in-water microemulsion was dispersed into 9 volume of cold UPH2O (2-3 o C) to produce solid lipid nanoparticles (SLN). To obtain cationic SLNs (cSLN), DDAB was incorporated into the formulation as positive charge carrier at the oil-in-water microemulsion preparation step.
Preparation of cSLN:siRNA complexes
cSLN : siRNA complexes were formed by electrostatic interactions between cationic charged nanoparticles and anionic charged siRNA. The binding ability of siRNA with cSLN determined by 2% (w/v) agarose gel electrophoresis. For complex formation, a stock solution of siRNA-EGFR (20 µM) was prepared in nuclease-free ultrapure water. cSLN:siRNA-EGFR complexes were prepared by incubating siRNA-EGFR (20 µM) with cSLN for 30 minutes at 25ºC for increasing cSLN:siRNA ratios (1:1, 2:1, 3:1, 4:1, 5:1 (v/v)) to determine the optimal cSLN:siRNA ratio. Glycerol (2%) was added to each sample and electrophoresis was carried out at a constant voltage of 80 V for 45 min. After electrophoresis, the gel was stained in 500 ng/ml ethidium bromide solution for 20 min. In order to remove the excess ethidium bromide and to reduce the background fluorescence, the gel was washed with distilled water for the following 10 min . The siRNA bands were then visualized under a UV transilluminator. Naked siRNA was used as a control.
Size and Zeta Potential Measurements
The particle size and zeta potential values of SLN, cSLN and cSLN:siRNA-EGFR (3:1, v/v) complexes were measured by Dynamic Light Scattering (DLS, Zeta sizer Nano ZS, Malvern Instruments Ltd., UK) using non-invasive back scattering mode with the detector positioned at 173 o from the incident beam. Samples were filled in disposable polystyrene microcuvettes and three measurements were performed for each sample.
Electrophoretic mobility of the obtained nanoparticles was measured in standard zeta cuvettes (Malvern Instruments Ltd., UK) and the zeta potential was calculated by the software using Smoluchowski equation.
In vitro serum stability of complexed siRNA
To evaluate the protection ability of cSLN:siRNA complexes against serum nucleases, in vitro serum stability assay was performed. For this purpose, serum was isolated from fresh blood obtained from a healthy volunteer. Following the precipitation of the coagulation factors, fibrinogen, and blood cells, the whole blood was centrifuged for 10 min at 4000 rpm and the supernatant, consisting of serum was carefully collected. Selected cSLN:siRNA complexes (3:1, 4:1, 5:1, v/v) were prepared, then, serum (10%) was added onto the complexes and incubated at 37˚C. The integrity of siRNA-EGFR was observed at each predetermined time intervals (1, 3, 6 , and 24 h). At the end of the incubation period, SDS at the final concentration of 1% was added to stop the enzymatic reactions and release the siRNA. The integrity of siRNA was visualized by agarose gel electrophoresis [14] .
Cytotoxicity
The cytotoxicity assay was performed on human glioblastoma cell line (U87). Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine was used as culture medium. Penicillin-streptomycin (100 UI/ml penicillin, 100 μg/ml streptomycin) was added to prevent bacterial contamination.
The U87 cells were seeded into 96 well plate at the concentration 1x10 4 cells/well and incubated for 24 h at 37 o C in a humidified 5% CO2 atmosphere. Then, the medium was removed and the cells were washed with PBS (pH=7,4). 100 µl DMEM supplemented with 10% FBS containing different concentrations of cSLN and cSLN:siRNA (3:1, v/v) complexes (25, 50, 75 , 100 µl/mL) were added into the wells.
The viability of cells was determined by colorimetric XTT cell proliferation assay kit (Biological Industries, Israel). Briefly, after incubation for 24 h, the medium was removed and the cells washed twice with PBS (pH=7.4). Then, 100 µl DMEM and 50 µl activated XTT reagent was added to each well and the cells were incubated for 2 h as recommended by the manufacturer. The absorbance of the orange-colored metabolite of XTT reagent was measured at wavelengths of 475 nm and 660 nm by Varioskan Multiplate Reader (Thermo Scientific, USA). Specific absorbance (SA) values were calculated using the following equation [29] .
SA=A475(test)-A475(blank)-A660(test)
Cell viability was calculated based on the specific absorbance of the cells compared to the absorbance of the control group consisting of untreated U87 cells. Experiments were carried out at least in triplicate.
Quantitative assessment of EGFR mRNA expression levels by qRT-PCR
Human U87 glioma cells were cultivated on the 12 well plate at the density of 5x10 4 cells/well and precultured overnight. Before transfection, the medium was changed to a fresh medium containing 10% FBS. 1,2 and 4 µL/mL cSLN:siRNA-EGFR (3:1, v/v) were added into the wells as the final siRNA concentrations of 25, 50, 100 nM, respectively. The naked siRNA (50 nM) and the cSLN (2 µL/mL) were also added into the wells, separately. Then, the cells were incubated for 24h. Afterwards, the cells were washed with phosphate buffered saline (PBS) and put back into serum condition media for a further 24h.
Treated cells were harvested after 48h post-transfection, and RNA was isolated (Miniprep, Qiagen). Subsequently, a cDNA template was created via a reverse polymerase reaction and a real-time quantitative polymerase chain reaction (RT-qPCR) was performed on these samples. Primer pairs were used to detect EGFR and GAPDH as a housekeeping gene. The results were analyzed with the ΔΔCT method with untreated cells as controls.
Data analysis
Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software, Inc., USA). Results are expressed as means±SEM. Quantitative assessment of EGFR mRNA levels were analyzed by using Student's t-test, and the differences were judged to be significant at p< 0.05.
